Keratinocyte-derived cutaneous squamous cell carcinoma (cSCC) is the most common metastatic skin cancer. Although some of the early events involved in this pathology have been identified, the subsequent steps leading to tumor development are poorly defined. We demonstrate here that the development of mouse tumors induced by the concomitant application of a carcinogen and a tumor promoter (7,12-dimethylbenz[a]anthracene (DMBA) and 12-O-tetradecanoylphorbol-13-acetate (TPA), respectively) is associated with the up-regulation of a previously uncharacterized long noncoding RNA (lncRNA), termed AK144841. We found that AK144841 expression was absent from normal skin and was specifically stimulated in tumors and highly tumorigenic cells. We also found that AK144841 exists in two variants, one consisting of a large 2-kb transcript composed of four exons and one consisting of a 1.8-kb transcript lacking the second exon. Gain-and loss-of-function studies indicated that AK144841 mainly inhibited gene expression, specifically down-regulating the expression of genes of the late cornified envelope-1 (Lce1) family involved in epidermal terminal differentiation and of anticancer genes such as Cgref1, and Rgs16. Interestingly, the lack of the second exon significantly decreased AK144841's inhibitory effect on gene expression. We also noted that high AK144841 expression correlated with a low expression of the aforementioned genes and with the tumorigenic potential of cell lines. These findings suggest that AK144841 could contribute to the dedifferentiation program of tumor-forming keratinocytes and to molecular cascades leading to tumor development.
also demonstrated that the miR-193b/miR-365a cluster exerts a tumor-suppressive function through repression of the proliferative, clonogenic, and migratory properties of mouse and human SCC cell lines (8) .
The discovery of lncRNA has created a new paradigm in gene expression regulation that has opened up new fields of investigation in embryogenesis, development, and tumorigenesis. Misregulation or mutation affecting several lncRNAs was reported in a variety of malignancies such as prostate (ANRIL and MALAT1), colon (MALAT1 and H19), and breast and liver cancers (HOTAIR, MALAT1, H19, and GAS5) (9, 10) . They are either oncogenic (ANRIL, HOTAIR, and MALAT1) or tumor suppressors (GAS5, MEG3, and PR-lncRNA-1) (11) . lncRNA expression had previously been profiled in the context of skin differentiation (12, 13) and in pathological situations such as psoriasis (14) , keloids (15) , systemic sclerosis (16) , and basal carcinoma (17) . lncRNAs were also suspected to influence the predisposition to skin cancer, for example following vitamin D receptor deletion (18) . Finally, a recent study has demonstrated that PICSAR (LINC00162) was strongly overexpressed in cSCC cell lines, suggesting a possible role in the development of human skin carcinoma (19) . Surprisingly, so far no studies have characterized the global panorama of lncRNA expression during the development of epidermal squamous cell carcinoma.
The present study was aimed to address this issue. To that end, we have performed a comprehensive gene expression analysis of biological samples collected at different stages of devel-opment of cSCC after their chemical induction by 7,12-dimethylbenz[a]anthracene (DMBA) and 12-O-tetradecanoylphorbol-13-acetate (TPA) (20) . We identified AK144841, a yet uncharacterized lncRNA, that was strongly up-regulated in cSCC, and we investigated its functional properties. We provide evidence showing that AK144841 inhibits the expression of antitumoral genes in agreement with a possible role in the development of these carcinomas.
Results
Mouse skin carcinogenesis was initiated by successive topical applications of the chemical mutagen DMBA and the tumor promoter PMA on FVB/N mice. This procedure leads to the development of pretumoral lesions called papillomas, some of which are converted to cSCC tumors (20) . Agilent SurePrint microarrays enriched for lncRNA probes were hybridized with RNAs extracted from three tumors and three healthy skin samples ( Fig. 1A) .
Using thresholds of 0.05 for the adjusted p value and 2-fold for the gene expression ratio between epidermis tumors and the healthy skin controls, we found that 2688 transcripts were upregulated and 2984 were repressed (Fig. 1B ). Among these 5489 selected genes, 507 corresponded to potential lncRNAs based on Agilent probe annotations. To independently validate these results, we performed high-throughput RNA sequencing analyses on biopsies from healthy skin samples, papillomas, and tumors. We quantified RNAseq reads that mapped in the 60-bp Pictures correspond to hematoxylin/eosin-counterstained formalin-fixed paraffinembedded sections. B, RNAs extracted from three individual samples of healthy skin treated with acetone only (S1-S3) and three DMBA/TPA-generated cSCC tumors (T1-T3) (see A) were labeled with Cy3 and hybridized with mouse gene expression 8 ϫ 60,000 v1 microarrays from Agilent as described under "Experimental procedures." The graph shows the heat map comparing the normalized log 2 of gene intensity signal in the different conditions. The following threshold values were used to define the set of up-and down-regulated genes: average expression Ͼ7.0, absolute log FC Ͼ1.0, adjusted p value Ͻ0.05.
regions corresponding to the different Agilent probes. We validated probes when they overlapped with at least four aligned RNAseq reads in one sample (skin, papilloma, or tumor). This comparison between RNAseq and microarray data validated ϳ40% (202 of 507) of Agilent lncRNA probes ( Fig. 2A ). We therefore focused our attention on these validated lncRNA probes. The largest differential expression that was observed for lncRNA probes between normal skin and tumors corresponded to an ncRNA sequence isolated from the RIKEN fulllength enriched library named AK144841 ( Fig. 2B ). According to the microarray data, expression of AK144841 was 40-fold higher in cSCC than in healthy skin. AK144841 encodes a 1502-bp transcript composed of four exons (supplemental Fig. S1 ). It is located in the locus of the gene ENSMUSG 00000085569 (Gm12602) on the reverse strand of chromosome 4 (4qC/88745771-88774130/genome NCBI37/mm9) about 150 kb downstream of the Cdkn2a gene. The Ensembl database revealed that Gm12602 encodes two transcripts, one with four exons (707 bp), ENSMUST00000154352, that is shorter than AK144841 but 100% identical and a second one with two exons (430 bp), ENSMUST00000138655, presenting no identity with AK144841. We checked that the transcript corresponding to AK144841 was effectively up-regulated in DMBA/TPA cSCC tumors using primers located in exons 1 and 4 of AK144841. Standard RT-PCR amplifications were done on three independent healthy skin samples (S1-S3), three papillomas (P1-P3), and three tumors (T1-T3). An amplicon corresponding to the expected 1.5-kb size was amplified, validating the presence of AK144841 in the different samples. Supporting the DNA arrays results, AK144841 was strongly up-regulated in the three tumor samples relative to healthy skin (T1-T3 versus S1-S3) ( Fig. 3A) . In contrast, it was only up-regulated in one of the three analyzed papillomas (P1), suggesting a more heterogeneous expression within pretumoral lesions (Fig. 3, A and B) . It is worth noting that PCR was performed on cDNA prepared using oligo(dT), implying that AK144841 is a polyadenylated transcript.
A more precise assessment of AK144841 expression was then performed in tumors, papillomas, and healthy skin samples using quantitative RT-PCR. We also analyzed AK144841 levels in two DMBA/TPA tumor-derived cSCC cell lines, the highly oncogenic mSCC-38 and the non-tumorigenic mSCC-20 (8) , as well as in mouse epidermis and normal mouse keratinocytes (NMKs) ( Fig. 3B ). We observed that AK144841 expression was at least 10-fold higher in tumors and mSCC-38 cells than in epidermis, NMKs, and mSCC-20 cells (Fig. 3B ). This analysis also confirms that the expression of AK144841 was more heterogeneous in papilloma.
Subcellular localization of AK144841 was characterized after subcellular fractionation of mSCC-38 cells, and expression of AK144841 was assessed by qPCR in cytosolic and nuclear frac- Figure 2 . lncRNA expression in healthy skin (S1-S3) and in DMBA/TPA-generated cSCC tumors (T1-T3). A, pie chart summarizing the validation analysis of the lncRNA probes spotted on the Agilent SurePrint microarray (see "Results"). Among the 507 probes up-and down-regulated between healthy skin and tumors, only 202 (40%) have been validated. When considering the 305 transcripts that were excluded, 30% (211) were indeed not detected by RNAseq at a cutoff above four reads, 17.4% (53) showed complementarity with multiple chromosomal regions, and 13.4% (41) were located in exons of protein-coding genes. B, heat map (left) representing the expression intensity of the 202 validated probes in the three samples of normal skin (S1-S3) and tumors (T1-T3). Histograms represent the log 2 (T/S ratio) (log 2 FC) of the validated probes, highlighting the top 10 lncRNAs significantly up-regulated in tumors and the amplitude of their overexpression in tumors (in red). Note that AK144841 is the most up-regulated gene.
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tions. The expression profile was compared with two nuclear lncRNAs, Malat1 and Neat1, and one cytosolic transcript, Rplp0, which codes for a ribosomal protein. Although Neat1 and Malat1 were exclusively located in the nuclear fraction and Rplp0 was located in the cytosol, AK144841 was equivalently distributed between the nucleus and cytoplasm (log 2 (cytosol/ nucleus) ratio close to zero) ( Fig. 4A ).
To assess the precise structure of AK144841, we performed a Northern blot experiment using poly(A) ϩ RNAs from mSCC-20 and mSCC-38 cells. RNA was separated on an agarose gel, transferred onto nitrocellulose, and hybridized with a 32 P-radiolabeled PCR-amplified DNA probe corresponding to exon 4 of AK144841. The Northern blot revealed the presence of a unique transcript at 2 kb in mSCC-38 cells that was not detected in mSCC-20 cells (Fig. 4B ).
The discrepancy with the size predicted by the RIKEN database (1.5 kb; as indicated by the arrow in Fig. 4B ) was further clarified by the RNAseq analysis of tumors and mSCC-38 cells. Reads aligned to the genomic region corresponding to AK144841 (4qC/88745771-88774130) revealed a perfect match between the 3Ј-end of the transcript detected in mSCC-38 cells and tumors and the full-length sequence first identified in the RIKEN library. In contrast, a quite different situation was observed for the 5Ј-end, which started 512 bp upstream of the reported sequence of AK144841 ( Fig. 4C ). We indeed confirmed by RT-PCR that mSCC-38 and to a lesser extent mSCC-20 cells do express a 2017-bp variant of AK144841 characterized by a longer exon 1 (Fig.  4D ). We also noted the presence of a smaller transcript at a size of about 1807 bp (1.8 kb) ( Fig. 4D , white arrow). Molecular cloning and sequencing of the long and short forms ( Fig.  4E ) revealed that both transcripts fully matched with the RIKEN AK144841 except that exon 2 (210 bp) was missing in the short fragment (supplemental Fig. S1 ). The two isoforms were thereafter named AKL and AKS, for the 2-and 1.8-kb forms, respectively.
To elucidate the functional role of AK144841, we developed gain-and loss-of-function experiments. Two siRNAs directed against distinct regions of AK144841 decreased its expression by more than 80% after 48 h in mSCC-38 cells (supplemental Fig. S2 ). The impact of AK144841 knockdown on the transcriptome of mSCC-38 cells was then assessed using whole genome microarray analysis ( Fig. 5 ). Genes whose expression was affected by both siRNAs were selected based on the following thresholds: log 2 (average expression) Ͼ7, absolute log 2 (-fold change) Ͼ0.6, and adjusted p value Ͻ0.05. AK144841 knockdown significantly altered the expression of 129 annotated genes (112 up-and 17 down-regulated). Interestingly, about 35% of the genes that were significantly up-regulated by both siRNAs were also less expressed in mSCC-38 cells compared with mSCC-20 cells, consistent with a lower level of expression of AK144841 in these latter cells (not shown). A functional enrichment analysis of this gene list using Ingenuity Pathway Analysis (IPA) software (QIAGEN Bioinformatics) indicated that the genes modulated by AK144841 knockdown were associated with "cancer" and "cytoskeleton and microtubule organization," consistent with the increase of AK14484 in tumor cells (supplemental Table S1 ). We also observed that AK144841 silencing strongly increased the expression of some genes involved in the keratinocyte differentiation program and including several members of the late cornified envelope-1 (Lce1) family.
We then analyzed the effect of AK144841 gain of function on the expression of a specific subset of 19 candidate genes selected from the list of 112 genes up-regulated after AK144841 silencing and mostly based on their potential association with the tumoral process. mSCC-38 cells were transfected with the pLJM1 plasmids containing either the AKL or AKS isoform, and expression of Ankrd1, Cgref1, Brsk1, Basp1, Cnn1, Dusp5, Btg2, Anpep, Nefl, Dhrs9, Stfa2, Tpm1, SerpinB2, Cpa4, Crct1, Cryab, Il24, Csf2, and Rgs16 mRNA was assessed by qPCR 72 h after transfection. We observed that the overexpression of AKL consistently inhibited the expression of 16 of the 19 analyzed transcripts (84%) ( Fig. 6) with Ankrd1, Cnn1, and Nefl mRNA being unaffected following AK144841 overexpression. This alteration was low (ϳ30%) but statistically significant. In contrast, overexpression of AKS has only a limited effect on the above mentioned genes because only Basp1, Dusp5, Btg2, Tpm1, and Csf2 mRNA was down-regulated upon AKS overexpression. Moreover, although statistically relevant, the inhibitions of these genes were weaker than those observed with AKL, suggesting a strong contribution of exon 2 of AK144841 in its The red box is drawn around the 512-bp region that maps beyond the initially reported 5Ј-extremity of AK144841. The bottom panel shows the 20-bp sequence corresponding to the 5Ј-extremity of AK144841 determined from the analysis of our RNAseq data set. The mouse genome reference was NCBI37/ mm9. D, PCR amplification of AK144841 from cDNA of mSCC-38 and mSCC-20 using primer sets corresponding to the 5Ј-and 3Ј-ends determined by RNAseq as illustrated in A. Note the presence of the two adjacent fragments with the more intense band corresponding to AKL (ϳ2 kb), whereas the weaker band corresponds to AKS (white arrow). Note the weak expression of AK144841 in mSCC-20. E, cloning of AKL and AKS. PCR-amplified AKS ϩ AKL were subcloned into pLJM1 as described under "Experimental procedures," and then each isoform was identified after cleavage of the purified plasmids with both AgeI and EcoRI. Lane NC represents the migration of the non-cleaved plasmid. lncRNA in skin carcinoma biological effect. The modest level of inhibition of the different genes was likely linked to the efficiency of mSCC-38 transfection, estimated at ϳ30%, as assessed in a parallel assay using a pLJM1-EGFP construct that allowed visualization and quantification of the cells that have been efficiently transfected using our protocol. Thus, a 30% inhibition implies an almost total repression of AK14841 expression in the fraction of transfected cells.
lncRNA sequences are not as highly conserved among species as protein-coding genes (21) . However, we searched for a potential human ortholog by aligning the AK144841 sequence with the human genome to identify a potential human ortholog. The AK144841 locus was indeed conserved in humans with identities above 70% within a region located on human chromosome 9 downstream of CDKN2A and between the MTAP and IFNE genes. Interestingly, strong identities, ranging from 70 to 82%, were found in four domains contained in the first and fourth exons of AK144841 ( Fig. 7A ). We then designed primers in the human locus and performed qPCR on cDNAs from normal human keratinocytes (NHKs) as well as human cSCC (A431) and different head and neck SCC cell lines. Amplification of a specific PCR product using three different primer sets supports the existence of a human transcript that was not expressed in NHKs. In contrast, it was detected in six tumor cell lines with a maximal expression in CAL165 (Fig. 7B ). The amplification by standard PCR of a unique product of about 800 bp in CAL165 and A431 cells but not in NHKs (Fig. 7C ) supports the existence of a human ortholog of AK144841 (hAK144841) associated with the tumoral phenotype. Amplification of this fragment was not due to genomic DNA contamination ( Fig. 7C ).
Discussion
The present study focuses on the functional characterization of a transcript previously annotated AK144841 and originating from the cloning and sequencing of a cDNA RIKEN fragment from a highly metastatic and drug-resistant mouse tumor (RCB-0558: http://www.ncbi.nlm.nih.gov/nucleotide/ AK144841) (22, 23) . We demonstrated here that the sequence of this initially reported AK144841 was incomplete. Using RNAseq experiments and PCR approaches, we identified a transcript of 2 kb that is 100% identical to the previously reported AK144841 but 512 bp longer in its 5Ј-extremity. Interestingly we show that two splicing variants of this new AK144841 exist, one of 2 kb with four exons and one 1.8-kb fragment lacking exon 2. In line with this observation, a recent Log2 Intensity automatic annotation pipeline of NCBI based on RNAseq from mouse liver and bladder tissues confirmed our findings in terms of AK144841 transcript exon structures and lengths (NCBI Reference Sequence XR_390705.1). AK144841 is classified as an lncRNA (Ensembl). It is absent in normal skin cells and strongly up-regulated in all tumors generated by the DMBA/TPA treatment, and it is expressed in only some papillomas. There is a good correlation between expression levels of AK144841 and the capacity of cells to generate tumors when injected in mice. Indeed, AK144841 is highly expressed in cells with high tumorigenic capacity such as mSCC-38 but absent in the non-tumorigenic mSCC-20 cells. Interestingly, we found that AK144841 is expressed in another model of skin tumorigenesis resulting from the constitutive expression of oncogenic Hras1 G12V (24) (data accessible in the NCBI Gene Expression Omnibus (GEO) under accession number GSE64867). Conversely, it was not detected in tumors of a UV-induced Trp53-dependent mouse model of cutaneous SCC, 4 suggesting that AK144841 deregulation could result from the oncogenic mutation of the Hras1 gene.
Gain-and loss-of-function experiments clearly show that alterations of the endogenous expression of AK144841 affects the mSCC-38 transcriptome and demonstrate that it is likely endowed with gene silencer activity. Qualitative analysis of the genes whose expression is altered following AK144841 silencing or overexpression suggests that AK144841 could effectively play a functional role in tumor development. Indeed, 14 of the 112 genes targeted by AK144841 have indeed been identified as potential tumor suppressors (Rgs16, cgref1, brsk1, Cryab, IL24, Basp1, Dusp5, and Csf2) and/or prognosis markers down-regulated in tumors of different origins (Btg2, Anpep, Dhrs9, Stfa2, Tpm1, SerpinB2, and Dusp5) (supplemental Table S2 ). Some characteristics of these genes are summarized hereafter.
CRYAB is down-regulated in nasopharyngeal carcinoma (NPC) (25) and associated with its progression (26) . Further studies were done in testicular (27) and breast (28) cancers. Re-expression of CRYAB in NPC cell lines reduced their tumorigenicity in vivo. NPC progression-associated phenotypes as well as epithelial-mesenchymal transition-associated markers were suppressed upon CRYAB re-expression, strongly suggesting that CRYAB is a tumor suppressor gene in this type of cancer (25) .
BRSK1 is a cell cycle inhibitor, inducing a G 2 /M arrest through the inhibition of Cdk1 (29) . BRSK1 has also been recently identified as a tumor suppressor in breast cancer where it regulates the cell cycle via p27 kip and the PI3K/Akt pathway (30). lncRNA in skin carcinoma CGREF1 (CGR11) also clearly exhibits growth-suppressive properties. It is regulated by p53 and is able to inhibit the growth of many cell lines (31) . Its overexpression significantly inhibits the phosphorylation of ERK and p38 MAPK and suppresses the proliferation of HEK293T and HCT116 cells (32) .
RGS16 is a regulator of the G protein signaling family. Its expression is reduced in some breast tumors as well as in pancreatic cancer. The loss of RGS16 in breast tumors promotes PI3K signaling induced by growth factors and thereby induces cell proliferation and resistance to targeted chemotherapies (33) . RGS16 has also been shown to inhibit migration and invasion of pancreatic cancer cells (34) .
IL24 is a well characterized multifunctional tumor suppressor gene triggering apoptosis and inhibiting angiogenesis and cellular invasion (35, 36) . Similar to RGS16 and BRSK1, IL24 has some antitumoral properties through inhibition of the PI3K pathway in lung and breast cancer cells.
CSF2 (GM-CSF) is an antitumor adjuvant that enhances immune responses mainly through the activation of dendritic cells and has been used in the treatment of many cancers including melanoma (37-39). In mouse, it has been shown that lowering Csf2 concentrations in tumor-bearing lungs increases cell invasion and lung colonization (40) .
ANPEP (CD13) mRNA expression is down-regulated in invasive tumors such as prostate and colorectal cancers (41, 42) .
Down-regulation of BASP1 is a necessary event for Myc-induced oncogenesis (43) .
BTG2 is a p53-dependent inhibitor of the proliferation and invasion of gastric cancer cells. It also has a negative effect on cancer cell metastasis by inhibiting Src-focal adhesion kinase signaling (44 -46) .
DUSP5 functions as a tumor suppressor gene by causing proliferation arrest in the G 1 /S phase of the cell cycle by dephosphorylating phospho-ERK1/2. It inhibits the progression of prostate carcinoma, and its down-regulation may accurately predict poor prognosis in prostate carcinoma patients. DUSP5 is also down-regulated in gastric cancer following methylation of its promoter (47, 48) .
STFA2 (Stefin A) was described to be a promising candidate marker for prognosis in patients with carcinoma of the head and neck where down-regulation of STFA2 expression was noticed compared with the nontumoral mucosa (49) .
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DHRS9 down-regulation strongly correlates with tumor progression and may serve as a potential prognostic biomarker in colorectal cancer (50) .
TPM1 mRNA was consistently lost in breast cancer cells and in squamous cell carcinoma, indicating that this decrease could be a common biochemical event in carcinogenesis (51, 52) .
Finally, clinical results reveal that a lower level of SERPINB2 expression is associated with poor prognosis and outcome in head and neck, gastric, breast, and lung cancers (53) (54) (55) . In contrast, overexpression of SERPINB2 was found to result in suppression of invasion of cancer cells (56, 57) .
Currently, we do not know whether or not these above mentioned genes are direct targets of AK144841, but interestingly we observed that the mRNA expressions of 12 of them (75%) (Cryab, Cgref1, Rgs16, Il24, Csf2, Anpep, Tpm1, Basp1, Btg2 , SerpinB2, Stfa2, and Dusp5) were lower in mSCC-38 cells that express a high level of AK144841 than in mSCC-20 cells lacking AK144841 (supplemental Fig. S3 ), supporting the model of an anticorrelation existing between expression of AK144841 and that of the above mentioned genes. The fact that expression of these tumor inhibitors was lower in mSCC-38 cells than in mSCC-20 cells could also explain the higher tumorigenicity of mSCC-38 compared with mSCC-20 and highlight the impact of AK144841 on the tumoral phenotype in these cells. It is worth noting that this effect does not likely result from an alteration of the survival and proliferative properties of the SCC cells because in vitro overexpression or silencing of AK144841 has no obvious effect on these parameters. Moreover, siRNAmediated AK144841 silencing also did not impair tumor engraftment (not shown).
Besides, AK144841 silencing also stimulated the expression of genes involved in the terminal differentiation of keratinocytes, among which are members of the late cornified envelop group 1 cluster (Lce1-i/g/c/a2/j/e) and Crct1. This suggests that the up-regulation AK144841 that we observed in tumors can prevent the differentiation program. In mice, the Lce1 cluster comprises 14 genes (Lce1a-Lce1m) located on chromosome 3. This region, called the epidermal differentiation complex, also includes genes encoding loricrin (Lor), involucrin (Ivl), filagrin (Flg), and the small proline-rich protein family members (Sprrs). Lce1s are expressed in the later stages of epithelial differentiation and are incorporated into the cornified envelope through cross-linking by transglutaminases (58) . In association with other differentiation genes such as Lor, Ivl, Flg, and Sprrs, Lce1 family members contribute to the barrier function of the skin (59) . The alteration of AK144841 expression clearly impacts the level of seven of the 14 Lce1 family members (Lce1a2, -c, -e, -g, -h, -i, and -j) but has no effect on Lor, Ivl, Flg, or Elovl3 expression, thus implying that AK144841 only controls a part of the differentiation program.
The differentiation status of tumors often influences their aggressiveness. Immature tumors are generally more aggressive than differentiated tumors (60) . In line with this concept, we observed that the highly tumorigenic mSCC-38 cell line expressed lower levels of differentiation markers such as Lor, Ivl, Flg, Abca12, Elovl3, and Sprr than the non-tumorigenic mSCC-20 cells (supplemental Fig. S3 ). By targeting the Lce1 family genes, AK144841 could thus partake in the dedifferentiation program and cSCC tumor growth.
It is also worth noting that AK144841 was up-regulated in all DMBA/TPA-induced tumors, whereas it was only up-regulated in some papillomas. Because about 10% of the DMBA/ TPA-induced papillomas progress into tumors, it would be particularly interesting to understand the exact contribution of AK144841 to such tumoral transformation.
The regulation of skin differentiation by ncRNA is a recent concept. Some microRNAs have been reported to play a role in epidermal differentiation (61, 62) , and it has been recently demonstrated that skin differentiation could also be regulated by two lncRNAs. The first one, TINCR, is required for high messenger RNA abundance of key differentiation genes such as FLG, LOR, KRT1 ALOXE3, ALOX12B, CASP14, and ELOVL3 (12) but was not reported to control Lce1 family gene expression. The second one, DANCR (anti-differentiation ncRNA), suppresses differentiation by down-regulating FLG, LOR, KRT1, KRT10, and LCE1s (13) .
We examined the expression of Tincr and Dancr in our murine tumorigenesis model (RNAseq data) and observed that, although easily detectable, Dancr does not significantly vary between normal and tumor tissues. In contrast and as reported in human SCC (12) , Tincr was at least 5-fold lower in cSCC tumors and in mSCC-38 cells than in normal skin and in mSCC-20 cells, respectively. The mirror expression of Tincr and AK144841 could therefore contribute to the loss of differentiation in tumor and in mSCC-38 through their respective effects on Lor, Ivl, Flg, Abca12, and Elovl3 on one hand and on Lce1s and Crct1 on the other hand (supplemental Fig. S3 ).
Interestingly, along with their involvement in keratinocyte differentiation, LCE1 members also exert a tumor suppressor action by regulating the activity of the arginine methylase PRMT5 (63) . By targeting Lce1s, AK144841 could thus influence both the differentiation status of tumors and their growth.
To date, the mechanism of action of AK144841 still remains to be identified. However, we can already hypothesize that its four exons are critical for mediating its biological effect. Indeed, the deletion of the second exon (observed in AKS overexpression experiments) does impair the biological function of AK144841 even if it does not fully inhibit it. These aspects are beyond the scope of the present study and will be the matter of future investigations.
We provide experimental data supporting the existence of a transcript potentially encoding hAK144841 in SCC of different origins, but a further structural characterization is also necessary. hAK144841 is absent from normal keratinocytes, suggesting a possible role in tumoral progression. To date, one human lncRNA (PICSAR) has been suspected to be involved the development of sSCC (19) , but our RNAseq data experiments did not reveal any PICSAR expression in CAL165, i.e. the cell type expressing the highest level of hAK144841. This supports the idea of additional lncRNAs contributing to this pathology. In this context, hAK144841 could represent an interesting candidate.
The study of the biological structure and function of hAK144841 is still underway. However, our functional findings relative to its mouse homolog and particularly its effect on anti-lncRNA in skin carcinoma tumoral genes suggest that this novel actor could possibly contribute to cSCC in humans as well, opening the way for new diagnostic and/or therapeutic solutions. Early identification of hAK144841 in pretumoral lesions such as actinic keratosis could help preempt tumor development and improve response to treatment.
Experimental procedures
DMBA/TPA treatment
The tumor induction procedure was carried out as described previously (8) in accordance with the Declaration of Helsinki and was approved by the local ethics committee. Six-week-old female FVB/N mice (n ϭ 45) were subjected to the DMBA two-hit multistage skin carcinogenesis protocol as described previously (20) . Mice were topically treated with 200 nmol of DMBA in 0.2 ml of acetone and then twice weekly for 6 weeks with 5 nmol of PMA. A second dose of DMBA was administered at the 8th week followed by the resumption of PMA treatment for 14 more weeks. Control mice (n ϭ 20) were only topically treated with 0.2 ml of acetone. Mice were monitored weekly for papillomas and tumors. Healthy skin samples (acetone-treated), papillomas, and tumors were harvested throughout the protocol, and biopsies were frozen for RNA extraction.
Cell cultures
Murine cSCC cell lines mSCC-20 and mSCC-38 -mSCC-20 and mSCC-38 cell lines were established from DMBA/PMAinduced cSCCs. Tumors were dissected, cut into 1-2-mm 3 pieces, and incubated with collagenase A (1.5 mg/ml) and Dispase II (5 mg/ml) for 1 h at 37°C under orbital shaking. After filtration on a 70-m mesh and centrifugation at 1800 rpm for 5 min, cells were plated on culture flasks coated with type I collagen in the presence of lethally irradiated feeder cells in William's medium E without calcium but containing antibiotics (100 IU/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml Fungizone). Cells were progressively cultured under classical conditions (in Dulbecco's modified Eagle's medium containing 10% FCS without antibiotics, collagen coating, and feeder cells) and used between passages 30 and 50 in our experiments. As reported previously (8) , mSCC-38 generated tumors when injected subcutaneously in nude mice, whereas mSCC-20 did not.
Human keratinocytes-Human keratinocytes isolated from healthy neonatal foreskin as described (64) were cultured on a feeder of lethally irradiated 3T3 fibroblasts.
Human oral squamous cell carcinoma cell lines-CAL27, CAL33, CAL60, CAL165, and CAL166 (65) cell lines were kindly provided by Dr. J. L. Fischel (Centre Antoine Lacassagne, Nice, France), and the A431 cell line was obtained from ATCC. All these cell lines were grown in DMEM containing 10% fetal calf serum (Hyclone).
Cloning procedures
Because of their close proximity, the short (AKS) and long (AKL) isoforms of AK144841 could not be individually isolated after PCR amplification. To circumvent this hurdle, AKS and AKL were amplified together by standard PCR from poly(A) ϩ cDNA of mSCC-38 cells and ligated into pLJM1 vector between AgeI (5Ј) and EcoRI (3Ј) sites. STBL2 bacteria were transformed with pLJM1-AKLϩAKS, and colonies were screened by PCR for the presence of either AKL or AKS after cleavage with AgeI and EcoRI. The clones containing AKS or AKL were expanded, and the plasmids were purified using the NucleoBond Xtra Maxi kit (Macherey Nagel).
Northern blot analysis
Northern blotting was carried out using 400 and 200 ng of mSCC-20 and mSCC-38 poly(A) ϩ purified RNA following the procedure described previously (66) . Membranes were hybridized with a 32 P-radiolabeled AK144841-specific probe (879 bp) amplified by polymerase chain reaction from cDNA of mSCC-38 using the following primer set: forward, 5ЈGGT-GAGACACAAATGGACCTGC-3Ј; reverse, 5Ј-TGGGA-ACTCGGGTTTCACTCC-3Ј.
Gene expression analyses by PCR
Total RNA was isolated with Qiazol reagent (Qiagen) according to the manufacturer's instructions. For gene expression, RNAs were reverse transcribed using the SuperScript II reverse transcriptase kit (Life Technologies) in the presence of oligo(dT). mRNA levels of candidate genes were quantified by one-step real-time qPCR performed with 10 ng of cDNA and using the SYBR Green I Master Mix (Roche Applied Science). Gene expression levels were normalized against Rplp0. All reactions were done in triplicate using the Light Cycler 480 Sequence detection system (Roche Applied Science) and expression levels were calculated using the comparative threshold cycle (CT) method (2 Ϫ⌬⌬CT ).
Gene expression was also measured by standard PCR. In this condition, genes were amplified by GoTaq DNA polymerase using 100 ng of cDNA. The full-length AK144841 (AKL and AKS) cloned in pLJM1 was obtained by standard PCR amplification using the high fidelity PrimeSTAR DNA polymerase (Takara). All primer sequences corresponding to the different genes analyzed in this study are available upon request.
Transfection experiments
mSCC-38 cells were transiently transfected with pLJM1 (Addgene) containing either the AKL or AKS isoform of AK144841 using Lipofectamine 3000 (Gibco) according to the manufacturer's protocol. Cells were harvested after 48 or 72 h and directly lysed in Qiazol reagent to extract RNA. A condition where cells were transfected with empty PLJM1 (mock) was also included in the experiments.
The siRNA transfection experiments were carried out in mSCC-38 cells using the RNAiMAX Lipofectamine reagent as devised by the manufacturer (Invitrogen). Two different siRNAs raised against AK144841 (Si1AK and Si2AK) and a control (SiC) were used at 20 nM each. Cells were directly lysed in Qiazol 48 or 72 h after transfection. The different siRNAs were designed and synthesized by Dharmacon: Si1AK, CCAA-GAGAATAGAGATTAT; Si2AK, GCTGGGAGAAGAA-GAGATT.
Subcellular fractionation
The nucleus and cytoplasm of mSCC-38 were separated using the Ambion Protein and RNA Isolation System, PARIS TM . RNA was purified from each cellular compartment using Trizol LS solution (Ambion) according to the manufacturer's procedure and reverse transcribed using SuperScript II reverse transcriptase. The expression of AK144841, Neat1, and Malat1 (markers of the nuclear compartment) and Rplp0 (cytoplasm reporter) was measured by qPCR as described above.
Gene expression analysis by microarrays
For gene expression arrays, RNA samples (RNA integrity number Ͼ9) were labeled with Cy3 dye using the Low Input Quick Amp kit (Agilent) as recommended by the supplier. 600 ng of Cy3-labeled cRNA probes was hybridized on 8 ϫ 60,000 high density Agilent SurePrint G3 gene expression mouse microarrays.
Gene expression profiles in healthy skin and DMBA-TPA tumors-Three biological replicates (in vivo derived healthy and tumor skin samples) were analyzed for each condition.
Effect of siRNA on the transcriptome of mSCC-38 cells-Fourteen samples from siRNA-transfected mSCC-38 cells (three control siRNAs (SiC), four Si1AK, three Si2AK, and four nontransfected cell samples) were hybridized on the Agilent microarrays.
Microarray data analyses were performed using R (The R Project for Statistical Computing). Quality control of expression arrays was performed using the Bioconductor package arrayQualityMetrics and custom R scripts. Additional analyses of expression arrays were performed using the Bioconductor package limma. Briefly, data were normalized using the quantile method. No background subtraction was performed. Replicated probes were averaged after normalization and control probes were removed. Statistical significance was assessed using the limma moderated t statistic. p values were adjusted for multiple testing using the Benjamini-Hochberg procedure, which controls the false discovery rate.
RNA sequencing
2 g of total RNAs was extracted from mouse sSCC tumors, normal skin samples, and papillomas as well as cultured mSCC-38 and mSCC-20 cells and human head and neck carcinoma cells (CAL165). Poly(A) RNAs were purified using a Dynabeads mRNA purification kit (Invitrogen) and tagmented for 9 min at 95°C. RNA libraries were then generated with the NEBNext Small Library Prep Set for SOLiD (New England Biolabs) and sequenced on the Applied Biosystems SOLiD 5500 Wildfire system following the manufacturer's instructions. All data generated from RNA sequencing were stored on the microarray information system Mediante (67) .
Reads from the SOLiD system were aligned in color space to mouse genome release mm9 for mouse samples and human release hg19 for CAL165 with LifeScope software (Life Technologies) using default parameters for RNA sequencing. For a given gene, the mapped sequence reads were counted against the current gene annotation general transfer format files for mouse and human (mm9.gtf and hg19.gtf). For each gene, the raw read data were normalized and expressed as reads per kilobase per million reads.
